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A STABILIZED TRANSITION ALUMINA CATALYST SUPPORT FROM 
BOEHMITE AND CATALYSTS MADE THEREFROM 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This non-provisional application claims the benefit of U.S. Provisional Application No. 

60/419,021, filed October 16, 2002, which is hereby incorporated by reference in its entirety. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 

[0002] Not applicable. 

FIELD OF THE INVENTION 
[0003] The present invention relates to a stabilized transition alumina catalyst support comprising 
at least one structural stabilizer and to a catalyst made therefrom of high hydrothermal stability. 
The methods of making the catalyst support include steaming a transition alumina to transform it at 
least partially to a boehmite material. The present invention particularly relates to catalysts useful 
in high water partial pressure environments. The present invention further relates to a Fischer- 
Tropsch process comprising converting syngas with the hydrothermally stable catalysts to produce 
hydrocarbons. 

BACKGROUND OF THE INVENTION 
[0004] A heterogeneous catalytic process is a chemical reaction that takes place between gaseous 
and/or liquid reactants and a solid catalyst, where a catalyst is defined as something that accelerates 
a chemical reaction without being ultimately changed. In reactor configurations including, but not 
limited to, fixed bed, fluidized bed and slurry phase reactors, it is desirable to optimize the extent 
of contact between the reactants and the solid catalyst while addressing other important issues such 
as heat transfer, mass transfer, product removal and gas recycling. With respect to supported 
catalysts, control of the morphological properties of the support, such as surface area, pore volume, 
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pore size and concentration of the pores per unit volume of support material is desirable because 
these properties can affect the course of the reaction and the products obtained therefrom. In 
particular, such properties tend to influence the nature and concentration of active catalytic sites, 
the diffusion of the reactants to the active catalyst site, the diffusion of products from the active 
sites, and the useful lifetime of the catalyst. In addition, the support and its dimensions influence 
the mechanical strength, density and reactor packing characteristics, control of which are desirable. 
[0005] Alumina is a typical catalyst support material and can exist as any one or combination of 
crystallographic phases, or polymorphs, commonly known as transition aluminas. Transition 
aluminas are ubiquitous as supports and/or catalysts for many heterogeneous catalytic processes. 
The synthesis of the transition aluminas typically begins with the hydroxides or oxyhydroxides of 
aluminum, both of which are effectively hydrates of alumina. Examples of such include the 
naturally-occurring or synthetic aluminum hydroxides, such as aluminum trihydroxides (gibbsite, 
bayerite, and nordstrandite) or monohydroxides (boehmite or diaspore). Progressive dehydration 
and accompanying lattice rearrangement in the series of transition aluminas leads to increasingly 
stable and ordered materials, and culminating in all cases with alpha alumina, which is a material 
unsuitable for catalytic applications and that requires high surface areas. Alpha alumina is 
typically obtained at calcination temperatures in excess of 1,000° C. There exist preparative 
processes within the art that can provide for transition aluminas having any number of distinct 
combinations of desirable properties, e.g., particle size, surface area, pore volume and average pore 
diameter. Some catalytic processes within the art for which transition aluminas are employed as 
catalyst and/or catalyst supports subject the transition alumina to conditions of high temperature, 
high pressure and high water vapor pressure. 
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[0006] Catalytic reactions that produce water vapor of high temperature and high partial pressure 
create an environment that challenges the hydrothermal stability of transition alumina supports, 
with the supports being prone to degradation, fragmentation, or other processes that compromise 
the ability to effectively support catalytic metals. Finding or preparing transition alumina of 
sufficient hydrothermal stability for use in protracted steam-producing reactor runs remains an 
important problem in the art. For purposes of the present discussion, hydrothermal stability is 
defined as the property of resisting morphological and/or structural change in the face of elevated 
heat and water vapor pressure. 

[0007] The Fischer-Tropsch process (also called the Fischer-Tropsch reaction or Fischer-Tropsch 
synthesis) is an example of a process that can generate water vapor of high partial pressure at high 
temperatures. The Fischer-Tropsch process comprises contacting a feed stream comprising carbon 
monoxide and hydrogen gases, known as synthesis gas or syngas, with a catalyst at conditions of 
elevated pressure and temperature to produce mixtures of hydrocarbons and by-products 
comprising water and carbon dioxide. Syngas can be made from the gasification of coal or, 
alternatively, methane found in natural gas reserves by partial oxidation with an oxygen source or 
by reaction with steam (steam reforming). Natural gas is typically stranded gas found with oil 
deposits during drilling operations. Such stranded gas presents a problem in those areas where 
there is no close market for this commodity because transportation of gases as compared to liquids 
is costly and impractical. As a result, on-site conversion of gaseous resources to easily 
transportable liquids represents a large potential gain in revenue. The Fischer-Tropsch process is 
one use of syngas and as such presents an attractive market for gas to liquids technology. It has 
long been recognized that syngas can be converted to liquid hydrocarbons by the catalytic 
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hydrogenation of carbon monoxide. The general chemistry of the Fischer-Tropsch reactions are as 
follows: 

n CO + (2n + 1) H 2 -> C n H 2n+2 + n H 2 0 (1) 
CO + H 2 0->C0 2 + H 2 (2) 
A competing reaction is often the water-gas shift reaction, equation (2), in which carbon monoxide 
is consumed in a reaction with water generated from equation (1), above, to form carbon dioxide 
(C0 2 ) and hydrogen (H 2 ). The catalytic metal used can influence the nature and composition of 
the mixture of products and by-products formed. For example, it is well known that iron-based 
Fischer-Tropsch catalysts have high water gas shift activity while cobalt-based Fischer-Tropsch 
catalysts have a much lower water gas shift activity. 

[0008] Catalysts for the Fischer-Tropsch process typically comprise a metal selected from the 
group comprising cobalt, iron, ruthenium, or other Group VIIIA (according to the Previous IUPAC 
Form of the Periodic Table of the Elements as illustrated in, for example, the CRC Handbook of 
Chemistry and Physics, 82 nd Edition, 2001-2002, which will serve as the standard herein and 
throughout for all references to element group numbers in this application) metals; optionally, a 
cocatalyst selected from the group consisting of copper, thorium, zirconium, rhenium or titanium; 
and, optionally, a promoter selected from the group consisting of the alkali metals, the alkaline 
earths, the lanthanides, Group IIIB, IVB, VB, VIB and VIIB metals; and may be supported or 
unsupported. The current practice with respect to supported catalysts is to use porous, inorganic 
refractory oxides as the carrier. y-Al 2 0 3 is an example of such a carrier. 

[0009] Fischer-Tropsch reactors utilizing a cobalt-based catalyst can generate significant amounts 
of water due to the relatively low water gas shift activity of cobalt catalysts. Under typical reactor 
conditions, e.g., temperatures in excess of 200° C and pressures in excess of 20 bar, the water 
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produced in these reactions can reach partial pressures in excess of 5 bar. Under these conditions, 
catalyst support particles, such as those comprising y-A1 2 0 3 for example, can degrade and 
disintegrate, causing cobalt to dislodge from the support particles and permitting for the 
appearance of cobalt fines in the product stream. The formation of subparticles that are in the 
submicron range in a product stream has multiple undesirable repercussions: 1) purification and 
complete removal of subparticles from the product stream tends to become quite difficult; 2) a 
reduced lifetime of the catalyst; 3) regeneration of recovered cobalt catalyst tends to be severely 
hindered; and 4) the loss of costly cobalt metal can represent a significant loss of revenue. 
[0010] Other industrial processes that involve steam and consequently require catalyst supports 
stable to high-temperature and high-pressure steam include steam reforming, water gas shift 
reaction and catalytic conversion for emission control in automobiles. 

[0011] Thus, there have been attempts to address the general problem of making catalyst supports 
that do not degrade at elevated temperatures with concomitant loss of high surface area. For 
example, U.S. Patent No. 5,837,634 discloses a process for preparing a stabilized alumina that 
exhibits an enhanced resistance to structural degradation at high temperatures, e.g., greater than 
about 1,000° C. The process comprises aging an admixture of a precursor boehmite alumina and 
an effective amount of a stabilizer such as a water-soluble salt of a polyvalent metal at a pH of 
from about 3 to about 9 and at a temperature greater than about 70° C to convert the greater portion 
of the alumina to a colloidal sol, wherein the colloidal sol is recovered and calcined to produce a 
stabilized alumina. Surface areas (m 2 /g) were measured on these stabilized alumina powders after 
calcination for 3 hours at 1,200° C and show that the addition of stabilizers results in the 
persistence of surface areas in about the 10 m 2 /g to 60 m 2 /g range. 
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[0012] It will be apparent to one of ordinary skill in the art that the calcination conditions 
employed in the '634 patent will most likely provide an alpha alumina, which is a polymorph of 
alumina that is not suitable for some catalytic applications. 

[0013] Similarly, U.S. Patent No. 6,262,132 Bl provides a method for reducing catalyst attrition 
losses in hydrocarbon synthesis processes conducted in high agitation reaction systems, in which 
the phrase "high agitation reaction systems" refers to slurry bubble column reactor systems and to 
other reaction systems wherein catalyst attrition losses resulting from fragmentation, abrasion, and 
other similar or related mechanisms at least approach the attrition losses experienced in slurry 
bubble column systems. It is disclosed that, in one aspect of the method for producing an attrition- 
resistant catalyst support, the catalyst support is gamma alumina including an amount of titanium 
effective for increasing the attrition resistance of the catalyst. 

[0014] U.S. Patent No. 6,303,531 Bl relates to hydrothermally stable, high pore volume 
aluminum oxide/swellable clay composites and methods for their preparation and use. The patent 
is based on the teachings that when active alumina is dispersed and subjected to a rehydration 
process in the presence of controlled amounts of a dispersed swellable clay the resulting composite 
particles exhibit and maintain the properties of high surface area and hydrothermal stability, 
wherein the properties are retained when catalytically active metal components are impregnated 
before or after the shaping of extrudates. It is also disclosed that the hydrothermal stability of the 
composite particles could be further improved by the incorporation of silicate salts therein. 
[0015] Pore size and mechanical strength in 7-AI2O3 have been influenced by low temperature 
hydrothermal treatment of y-Al 2 0 3 . As disclosed in Preparation of Catalysts V, 1991, page 155- 
163, wherein gamma alumina in the form of 1.5 mm extrudates was subjected to hydrothermal 
treatment in an autoclave in the presence of water vapor, it was found that the crushing strength 
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was observed to increase progressively with increasing duration of heating for y-A1 2 0 3 
hydrothermally treated at 150° C, with a considerable increase (about 65%) in the volume of 100- 
250 A diameter pores. At higher temperatures, a reverse trend is noticed. X-ray diffraction 
analysis of the hydrothermally treated samples showed no peaks corresponding to other phases of 
alumina. 

[0016] The problem of contamination of a Fischer-Tropsch product with catalyst ultra fines has 
been addressed by introducing to an untreated catalyst support a modifying component that is 
capable of suppressing the solubility of the catalyst support in acidic or neutral aqueous solution. 
The ultimate effect is that of preventing the formation of loosely bound hydrotalcite-like structures 
upon which the active catalytic cobalt metal can precipitate and subsequently become dislodged 
during extended Fischer-Tropsch reactor runs. International Application No. WO 99/42214 
discloses that such catalysts have hitherto been produced by slurry impregnation of an alumina 
support with cobalt nitrate in acidic to neutral solution, a medium in which the alumina is partially 
soluble. Upon dissolution, the cobalt and aluminum ions can co-precipitate as hydrotalcite-like 
structures, e.g. Co 6 Al 2 C03(OH)i6-4H 2 0, that are physically adsorbed and loosely bonded to the 
original alumina surface. Commercialization of the slurry phase Fischer-Tropsch process reveals a 
serious problem that can arise when such catalysts using the known untreated alumina supported 
cobalt catalyst are used as the wax product as they could contain relatively high amounts of 
attrided catalyst. Evidently, during slurry impregnation of an untreated alumina support, cobalt 
nitrate will deposit on the loosely bonded hydrotalcite-like structures. These cobalt on loosely 
bonded hydrotalcite-like structures can dislodge during extended runs and contaminate the wax 
product with cobalt rich ultra fines. Attempts to solve or at least alleviate this problem have 
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included protecting the alumina support during aqueous impregnation by improving the inertness 
of the alumina surface. 

[0017] U.S. Patent No. 6,224,846 Bl discloses a process for making a modified boehmite alumina 
comprising reacting at elevated temperatures a boehmite alumina with an alkyl or aryl mono- or 
disulfonic acid derivative as the acid or its salt to produce a reaction mixture containing a modified 
boehmite alumina, with the modified boehmite alumina being recovered from the reaction mixture. 
[0018] Many in the art have attempted to solve the general problems of catalyst attrition and 
hydrothermal stability in catalysts. However, creating a catalyst on a stabilized transition alumina 
support that possesses high hydrothermal stability and low attrition resistance remains a problem, 
hi particular, creating catalysts suitable for use in Fischer-Tropsch reactors, which produce 
substantial quantities of water vapor at high partial pressure, remains a need within the art. Further 
needs include providing a stabilized transition alumina having high hydrothermal stability. 

BRIEF SUMMARY OF SOME OF THE PREFERRED EMBODIMENTS 
[0019] The present invention provides a method for preparing a stabilized transition alumina 
having enhanced hydrothermal stability. The material is particularly well suited for use as a 
Fischer-Tropsch catalyst support in Fischer-Tropsch reactors operating at comparatively high 
temperatures and generating significant amounts of water at high partial pressure. 
[0020] The present invention provides, in one aspect, a stabilized transition alumina having high 
hydrothermal stability. More particularly, the present invention provides a stabilized transition 
alumina having the property of resisting structural and morphological change in the face of very 
high water partial pressure. The present stabilized transition alumina is particularly suitable for use 
as a catalyst support for use in Fischer-Tropsch catalysts that are employed in protracted Fischer- 
Tropsch reactions that generate very high water vapor pressure. 
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[0021] In another aspect of the invention, a method is provided for preparing a stabilized 
transition alumina to make a catalyst support. The method of making the catalyst support includes 
steaming a transition alumina to transform it at least partially to a boehmite material and 
incorporating at least one structural stabilizer into the catalyst support matrix before or after the 
steaming step. One embodiment of the method comprises introducing to a transition alumina at 
least one structural stabilizer precursor in an amount effective for delivering an amount of 
precursor between 0.1% and 10% by weight to provide a stabilizer-impregnated alumina; steaming 
the stabilizer-impregnated alumina at conditions sufficient to transform the stabilizer-impregnated 
alumina to a stabilizer-containing boehmite alumina; and calcining the stabilizer-containing 
boehmite alumina to yield a stabilized transition alumina. In an alternate embodiment of the 
inventive method, the method comprises steaming a transition alumina at conditions sufficient to 
transform the transition alumina to a boehmite alumina; introducing to the boehmite alumina at 
least one structural stabilizer precursor in an amount effective for delivering an amount of 
structural stabilizer between 0.1% and 10% by weight to provide a stabilizer-containing boehmite 
alumina; and calcining the stabilizer-containing boehmite alumina to yield a stabilized transition 
alumina. 

[0022] The present invention also provides a catalyst having high hydrothermal stability and good 
catalyst attrition resistance with the catalyst deriving its qualities by virtue of being supported on 
the stabilized transition alumina of the present invention, namely one having high hydrothermal 
stability. The catalyst of the present invention is particularly useful, for example, in reactor 
environments producing water at high partial pressure and is particularly effective in converting 
synthesis gas under appropriate conditions of temperature and pressure to a desirable product 
mixture comprising hydrocarbons, such as in Fischer-Tropsch reactors in which water at high 
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partial pressure and high temperature is produced. The catalyst of the present invention is 
particularly well-suited for use as a catalyst in protracted Fischer-Tropsch reactions generating 
significant amounts of high temperature steam in fixed bed, fluidized bed and slurry bubble 
column reactors. 

[0023] In a further aspect of the present invention, a process is provided for making a catalyst of 
high hydrothermal stability and improved catalyst attrition resistance. In one aspect, the inventive 
process comprises introducing to a stabilized transition alumina at least one metal salt in a manner 
and amount effective for evenly dispersing the metal salt over the surfaces and throughout the pore 
structure of the stabilized transition alumina support. The stabilized transition alumina containing 
the deposited metal salt is preferably calcined to furnish the catalyst of the inventive method. 
[0024] In another aspect, the present invention provides a process for producing hydrocarbons 
wherein the process comprises contacting a feed stream comprising carbon monoxide and 
hydrogen over a catalyst in a suitable reactor and under suitable conditions of temperature and 
pressure to produce a product comprising hydrocarbons and, in particular, waxy paraffinic 
hydrocarbons, wherein the catalyst comprises a stabilized transition alumina support and at least 
one catalytically active metal. 

[0025] The foregoing has outlined rather broadly the features and technical advantages of the 
present invention in order that the detailed description of the invention that follows may be better 
understood. Additional features and advantages of the invention will be described hereinafter that 
form the subject of the claims of the invention. It should be appreciated by those skilled in the art 
that the conception and the specific embodiments disclosed may be readily utilized as a basis for 
modifying or designing other structures for carrying out the same purposes of the present 
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invention. It should also be realized by those skilled in the art that such equivalent constructions 
do not depart from the spirit and scope of the invention as set forth in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0026] For a detailed description of the preferred embodiments of the present invention, reference 
will now be made to the accompanying Figures, in which: 

[0027] FIGURE 1 illustrates a comparative X-ray diffraction (XRD) plot of an unmodified y- 

A1 2 0 3 sample both before and after treatment with saturated steam at 220° C for 2 h; 

[0028] FIGURE 2 illustrates a comparative XRD plot of a 2% Co stabilized transition alumina 

sample both before and after treatment with saturated water vapor at 220° C for 2 h; 

[0029] FIGURE 3 illustrates transmission electron micrographs (TEM) of unmodifed y-A1 2 0 3 

after treatment with steam at 220° C; and 

[0030] FIGURE 4 illustrates cross-sectional transmission electron micrographs (XTEM) of a Co 
catalyst on a unmodified A1 2 0 3 showing the change in metals dispersion after being subjecting to 
Fischer-Tropsch reaction conditions. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0031] In one aspect of the invention, a method is provided for preparing a stabilized transition 
alumina catalyst support. As used herein, the term stabilized transition alumina refers to an oxide 
of aluminum possessing a definite crystal structure corresponding to one of the transition alumina 
phases as indicated by an X-ray diffraction pattern that is stabilized against structural change by the 
presence, within the structure, of some atom found to impart such stability. 
100011 The present invention is based on the discovery that, under Fischer-Tropsch reactor 
conditions employing a cobalt-based catalyst supported on a transition alumina, the transition 
alumina is transformed to boehmite. fn particular, it has been found that subjecting a catalyst 
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comprising an active metal (cobalt) on a gamma alumina support to Fischer-Tropsch reaction 
conditions for about 300 hours on stream was effective in partially or completely transforming the 
crystal lattice structure of the transition alumina to that of boehmite alumina. Moreover, the 
compromised physical strength of the catalyst support leads to its disintegration and the formation 
of catalyst subparticles into the product stream. 

[0032] Acquisition of such findings was possible only after nonstandard experiments utilizing 
cross-sectional transmission electron microscopy (XTEM), which is a useful tool for providing 
both chemical and structural information about component phases in the catalyst particles. The 
successful XTEM experiments obviated the need for cleaning of the catalyst particles by carrying 
out the analysis with the waxy product in place, thereby preserving the condition of the catalyst 
particle and conveying useful information about the catalyst particle and the precise nature of the 
induced change in the face of reactor conditions. 

[0033] Structural analysis revealed that the so-formed boehmite phase is a crystalline phase 
comprising platelet-like primary particles having dimensions of at least 10 nm. 
[0034] Moreover, it has been found that subjecting a fresh catalyst comprising an active metal on 
a gamma alumina support to steaming conditions, namely treatment with water vapor at a 
temperature above 200° C and a water partial pressure of at least 5 bar in an autoclave for 2 hours, 
was effective in partially or completely transforming the crystal lattice structure of the transition 
alumina to that of boehmite alumina. This transformation was also accompanied by a significant 
reduction in the surface area of the support material and an alteration of the morphology of the 
particle, with the physical strength of the catalyst support being severely deteriorated. This 
transformation resulted in the agglomeration of distinct catalytic metal sites on the surface of the 
catalyst support. Collectively, these factors most likely combine to reduce the efficacy of the 
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active metal or metals in catalyzing the Fischer-Tropsch process. Hence, the tendency of transition 
aluminas to change phases under hydrothermal conditions makes unmodified transition alumina an 
inferior choice for use as a catalyst support for reactions that involve high water vapor partial 
pressures and high temperatures, such as Fischer-Tropsch reactions. 

[0035] Though many in the art have attempted to address the issue of catalyst attrition, it has not 

been appreciated until now that a phase transformation from a transition alumina to boehmite was 

responsible for the partial reduction in catalytic activity and catalyst attrition found in protracted 

Fischer-Tropsch reactor runs generating high water partial pressure at high temperature. 

SEQUENCE TO MAKE STABILIZED TRANSITION 
ALUMINA WHEREIN STEAMING FOLLOWS IMPREGNATION 

[0036] An embodiment of the present invention comprises a preferred process for preparing a 
stabilized transition alumina catalyst support comprising the steps of introducing to a transition 
alumina at least one structural stabilizer precursor to provide a stabilizer-impregnated alumina. 
The structural stabilizer precursor can be deposited and adsorbed physically or chemically on the 
surface of the transition alumina. The stabilizer-impregnated alumina is steamed at conditions 
sufficient to at least partially transform the stabilizer-impregnated alumina into a stabilizer- 
containing boehmite alumina. A stabilizer-containing boehmite alumina is defined herein as a 
boehmite alumina that incorporates a structural stabilizer onto and/or into a boehmite alumina, 
wherein boehmite alumina refers to a crystalline monohydrate of the oxide of aluminum. The 
stabilizer-containing boehmite alumina is then calcined to produce the desired stabilized transition 
alumina. Transition alumina comprises any of the phases of alumina that are intermediate in order 
and degree of hydration between the alumina hydrates, e.g. aluminum hydroxides and 
oxyhydroxides and alpha alumina. Although any one or combination of transition alumina phases 
could be used in the present invention, the transition alumina of the present invention preferably 
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comprises a phase selected from the group consisting of Y-AI2O3, 6-AI2O3, 0-AI2O3 and any 
combination thereof. More preferably, the transition alumina comprises a Y-AI2O3 phase. The 
transition alumina employed in the present invention preferably has several, and more preferably 
all, of the following properties: generally spherical particles; an average particle size in the range of 
from about 10 [im to about 250 jxm (most preferably from about 40 [im to about 150 jam); a BET 
surface area, after calcination, in the range of from about 100 m 2 /g to about 150 m 2 /g; and a 
porosity in the range of from about 0.2 cm /g to about 0.6 cm /g. 

[0037] The structural stabilizers of the present invention are introduced to a transition alumina via 
a structural stabilizer precursor, wherein the structural stabilizer precursor comprises a chemical 
compound, such as, for example, a water-soluble salt, that contains the atoms of the structural 
stabilizer in an oxidation state that is not zero. The function of the structural stabilizer precursor is 
to provide the structural stabilizer in such a form so as to facilitate its delivery into and/or onto the 
transition alumina. The structural stabilizer precursors that are useful in the present invention 
include but are not limited to water-soluble salts, such as nitrates, acetates, and organometallic salts 
such as acetylacetonates, and other compounds such as oxides and acids. The structural stabilizer 
preferably comprises at least one element selected from the group consisting of boron (B), 
magnesium (Mg), silicon (Si), calcium (Ca), titanium (Ti), chromium (Cr), manganese (Mn), iron 
(Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), gallium (Ga), strontium (Sr), zirconium (Zr), 
barium (Ba), selenium (Se) and the lanthanides (Lns), including lanthanum (La), cerium (Ce), 
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), 
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), 
ytterbium (Yb) and lutetium (Lu). More preferably, structural stabilizers comprise at least one 
element selected from the group consisting of boron, cobalt, zirconium, and any combination 
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thereof. Though not wishing to be bound by any particular theory, it is believed that the structural 
stabilizers are effective based on the ability of the structural stabilizer atoms to occupy the sites in 
the transition alumina crystal lattice that can normally be occupied by the aluminum atoms. In 
particular, it is believed that the atoms of the structural stabilizer can fill the vacant cation sites of 
the transition alumina structure thereby stabilizing the transition alumina crystal lattice and 
rendering it resistant to atomic rearrangement and consequent transformation to boehmite during a 
hydrothermal treatment, such as during a Fischer-Tropsch reaction. 

[0038] At least one or a combination of two or more structural stabilizers can be selected for 
introduction to a transition alumina using any suitable technique including impregnation, ion- 
exchange, grafting and/or kneading, preferably incipient wetness impregnation. The introduction 
of at least one structural stabilizer can be in an amount ranging from 0.1% to 20% by weight, more 
preferably in an amount ranging from 1% to 10% by weight, and most preferably in an amount 
ranging from 1% to 5% by weight. 

[0039] The process may further comprise drying the stabilizer-impregnated alumina at a 
temperature between 50° C and 200° C. The drying may follow the introduction of the structural 
stabilizer. 

[0040] In addition, the process may further comprise steaming the stabilizer-impregnated alumina 
at conditions sufficient to transform the stabilizer-impregnated alumina into a stabilizer-containing 
boehmite alumina. Steaming comprises subjecting a given material, within the confines of an 
autoclave or other suitable device, to an atmosphere comprising a saturated or under-saturated 
water vapor at conditions of elevated temperature and elevated water partial pressure. Preferably, 
the steaming of the stabilizer-impregnated transition alumina is performed at temperatures ranging 
from 150° C to 500° C, more preferably ranging from 180° C to 300° C, and most preferably 
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ranging from 200° C to 250° C, at a water vapor partial pressure preferably ranging from 1 bar to 

40 bar, more preferably ranging from 4 bar to 20 bar, and most preferably from 10 bar to 20 bar; 

and an interval of time preferably from 0.5 hour to 10 hours, and most preferably from 0.5 hour to 

4 hours. Preferably, under these steaming conditions, the stabilizer-impregnated alumina is at least 

partially transformed to at least one phase of boehmite, pseudoboehmite and the combination 

thereof. A pseudoboehmite alumina refers to a monohydrate of alumina having a crystal structure 

corresponding to that of boehmite but having low crystallinity or ultrafine particle size. 

[0041] Alternatively, the steaming of the stabilizer-impregnated alumina can comprise 

temperatures preferably ranging from 150° C to 500° C, more preferably ranging from 180° C to 

300° C, and most preferably ranging from 200° C to 250° C; a water vapor partial pressure 

preferably ranging from 1 bar to 5 bar, and more preferably ranging from 2 bar to 4 bar; and an 

interval of time preferably from 0.5 hour to 10 hours, and most preferably 0.5 hours to 4 hours. 

Under these alternative steaming conditions, the stabilizer-impregnated alumina is at least partially 

transformed to at least one phase of boehmite, pseudoboehmite and the combination thereof. 

[0042] The process can further comprise calcining the stabilizer-containing boehmite alumina. 

Calcination of the stabilizer-containing boehmite alumina is at temperatures between 300° C and 

1,000° C, and more preferably at temperatures between 400° C and 900° C. 

SEQUENCE TO MAKE STABILIZED TRANSITION ALUMINA 
WHEREIN IMPREGNATION FOLLOWS STEAMING 

[0043] In an alternate embodiment, a process for preparing a stabilized transition alumina 

comprises steaming a transition alumina at conditions sufficient to at least partially transform the 

transition alumina to a boehmite alumina; introducing to the boehmite alumina at least one 

structural stabilizer precursor to provide a stabilizer-containing boehmite alumina; and calcining 

the stabilizer-containing boehmite alumina. The transition aluminas of this alternate embodiment 
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are substantially similar to those of the above-described embodiment wherein steaming follows 
impregnation. 

[0044] Such alternate embodiment comprises steaming a transition alumina wherein preferred 
conditions for steaming comprise a temperature preferably ranging from 150° C to 500° C, more 
preferably ranging from 180° C to 300° C, and most preferably ranging from 200° C to 250° C; a 
water vapor partial pressure preferably ranging from 1 bar to 40 bar, more preferably ranging from 
4 bar to 20 bar, and most preferably from 10 bar to 20 bar; and an interval of time preferably from 
0.5 hour to 10 hours, and most preferably 0.5 hour to 4 hours. Preferably, under these steaming 
conditions, the transition alumina is at least partially transformed to at least one phase of boehmite, 
pseudoboehmite and the combination thereof. 

[0045] Alternately, steaming of the transition alumina can comprise conditions of temperature 
preferably ranging from 150° C to 500° C, more preferably ranging from 180° C to 300° C, and 
most preferably ranging from 200° C to 250° C; a water vapor partial pressure preferably ranging 
from 1 bar to 5 bar, and more preferably ranging from 2 bar to 4 bar; and an interval of time 
preferably from 0.5 hour to 10 hours, and most preferably from 0.5 hour to 4 hours. Preferably, 
under these steaming conditions, the transition alumina is at least partially transformed to at least 
one phase of boehmite, pseudoboehmite and the combination thereof. 

[0046] Optionally, the material obtained after the steam treatment of the transition alumina can be 
calcined before impregnation at a temperature ranging from about 250 °C to about 350 °C, 
preferably from about 300° C to about 350° C, most preferably at about 325° C; and a pressure 
from about 1 atm to about 10 atm, preferably from about 1 atm to 2 atm. 

[0047] In addition, at least one or a combination of two or more structural stabilizer precursors 
can be introduced to the boehmite alumina using any standard technique of impregnation. The 
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structural stabilizers are substantially similar to the one of the above-described embodiment 
wherein steaming follows impregnation. Preferably, the at least one structural stabilizer precursor 
is introduced to the boehmite alumina by incipient wetness impregnation. The introduction of at 
least one structural stabilizer precursor can be in an amount effective for delivering an amount of 
structural stabilizer ranging from 0.1% to 20% by weight, more preferably in an amount ranging 
from 1% to 10% by weight, and most preferably in an amount ranging from 1% to 5% by weight. 
[0048] The process may further comprise drying the stabilized boehmite alumina at a temperature 
between 50° C and 200° C. The drying can be carried out after introducing at least one structural 
stabilizer to the boehmite alumina. 

[0049] The present alternate embodiment further comprises calcining the stabilizer-containing 
boehmite alumina. Calcination of the stabilizer-containing boehmite alumina is preferably at 
temperatures between 300° C and 1,000° C, and more preferably at a temperature between 400 °C 

and 900° C. 

METHOD OF MAKING A CATALYST 
[0050] An additional embodiment comprises a method of making a Fischer-Tropsch catalyst. 
Fischer-Tropsch catalysts can be made by the following steps: introducing at least one catalytic 
metal precursor to a stabilized transition alumina catalyst support to provide a catalyst-impregnated 
support; optionally, introducing at least one cocatalytic metal precursor to the catalyst-impregnated 
support to provide a cocatalyst-impregnated support; optionally, introducing at least one promoter 
precursor to the cocatalyst-impregnated support to provide a promoter-impregnated support; and 
calcining the impregnated support that results from carrying out any one or combination of these 
steps at conditions effective for decomposing any of the precursors used in these steps to the 
corresponding oxides. 
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[0051] The present method comprises introducing at least one catalytic metal precursor to a 
stabilized transition alumina catalyst support. The stabilized transition alumina catalyst support of 
the present method is substantially similar to that described hereinabove in connection with 
previous aspects of this invention. 

[0052] The catalytic metal precursor of the present method comprises at least one metal, with the 
metal being effective for converting a reactant gas comprising synthesis gas to a product mixture 
comprising paraffinic hydrocarbons under suitable conditions of temperature and pressure, as in, 
for example, a Fischer-Tropsch process. As known to those of normal skill in the art, the catalytic 
metal is preferably delivered to the catalyst support in the form of a catalytic metal precursor, 
usually comprising the metal in a nonzero oxidation state, owing to the increased solubility of the 
precursor over zero-valent oxidation state metals. Preferably, the at least one catalytic metal 
precursor comprises cobalt, iron, ruthenium, nickel, more preferably cobalt. 
[0053] The catalytic metal precursor can be added by any suitable technique including, but not 
limited to, incipient wetness impregnation, melt impregnation and coprecipitation. The at least one 
catalytic metal precursor is added in an amount sufficient for delivering an amount of catalytic 
metal to the stabilized transition alumina catalyst support that is preferably between 5% and 50% 
by weight of catalytic metal relative to the weight of the support; more preferably, between 10% 
and 40% by weight of catalytic metal relative to the weight of the support; and most preferably 
between 1 5% and 35% by weight of catalytic metal relative to the weight of the support. 
[0054] The present method of making a Fischer-Tropsch catalyst may further comprise 
introducing at least one cocatalytic metal precursor to the catalyst-impregnated support to provide 
a cocatalyst-impregnated support. The cocatalytic metal precursor comprises at least one 
cocatalytic metal that is effective for increasing the efficacy of the catalytic metal in the 



1 12091.01/1856-20401 



19 



transformation of a reactant gas mixture comprising synthesis gas to a product mixture comprising 
paraffinic hydrocarbons under suitable conditions of temperature and pressure. Preferably, the 
cocatalytic metal precursor comprises at least one metal selected from Groups IIIA, IV A, VA, 
VIA, VIIA, VIIIA, IB and IIB of The Periodic Table of the Elements. More preferably, the 
cocatalytic metal precursor comprises at least one metal selected from the group consisting of 
ruthenium, hafnium, cerium, copper, thorium, zirconium, rhenium and titanium. The cocatalytic 
metal precursor can be a soluble compound of metal salts, including, but not limited to, acetates, 
acetylacetonates, nitrates, halides, and the like. The cocatalytic metal precursor can be added using 
any known technique including, without limitation, incipient wetness impregnation, melt 
impregnation and coprecipitation. The cocatalytic metal precursor is added in an amount sufficient 
for delivering an amount of cocatalytic metal to the catalyst-impregnated support that is preferably 
between 0.001% and 20% by weight of cocatalytic metal relative to the weight of the support; 
more preferably between 0.005% and 10% by weight of cocatalytic metal relative to the weight of 
the support; and most preferably between 0.01% and 5% by weight of cocatalytic metal relative to 
the weight of the support. 

[0055] In addition, the present method of making a Fischer-Tropsch catalyst may further 
comprise introducing at least one promoter precursor to the cocatalyst-impregnated support to 
provide a promoter-impregnated support. The promoter precursor of the current method comprises 
at least one element that is effective when present with the catalytic and/or cocatalytic metals of the 
present method for further increasing the efficacy of the catalytic and/or cocatalytic metals in 
transforming a reactant gas mixture comprising synthesis gas to a product mixture comprising 
paraffinic hydrocarbons under suitable conditions of temperature and pressure. The promoter 
precursor comprises at least one of Groups IA, IIA, IIIB, IVB, VB, VIB and VIIB; more preferably 
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at least one of boron, palladium, platinum, silver, gold, nickel, copper, the alkali metals, the 
alkaline earth metals, the actinides and the lanthanides; and most preferably boron, platinum, 
ruthenium, or combinations thereof. 

[0056] Introduction of the promoter via the promoter precursor is known to those of ordinary skill 
in the art wherein the promoter precursor serves as a suitable vehicle for introduction of the 
promoter to the cocatalyst-impregnated support. The promoter precursor can be added using any 
known technique including, but not limited to, incipient wetness impregnation, melt impregnation 
and coprecipitation. The promoter precursor is added in an amount sufficient for delivering an 
amount of promoter to the stabilized transition alumina catalyst support that is preferably between 
0.005% and 20% by weight of promoter relative to the weight of the support; more preferably 
between 0.01% and 10% by weight of promoter relative to the weight of the support; and most 
preferably between 0.02% and 5% by weight of promoter relative to the weight of the support. 
[0057] The present method for making a Fischer-Tropsch catalyst may further comprise drying 
the impregnated support that results from executing any one or combination of the aforementioned 
impregnation steps. The drying is carried out at conditions effective for removing any solvents 
used in introducing any one or combination of precursors to any of the supports of the present 
method to provide a dried impregnated support. The conditions effective for removing solvents 
comprise a temperature between 80° C and 200° C. The conditions further comprise a pressure 
preferably between 1 atm and 10 atm; more preferably between 1 atm and 5 atm, and most 
preferably between 1 atm and 3 atm. The conditions still further comprise a time interval from 0.5 
hours to 36 hours. 

[0058] The present method for making a Fischer-Tropsch catalyst further comprises calcining any 
of the impregnated supports that results from carrying out any one or combination of impregnation 
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and/or drying steps at conditions effective for decomposing any of the precursors used in the 
deposition steps to the corresponding oxides. Effective conditions comprise a temperature 
preferably between 200° C and 500° C; and more preferably between 300° C and 400° C. 
Effective conditions further comprise a pressure preferably between 1 atm and 10 atm, more 
preferably between 1 atm and 5 atm, and most preferably 1 atm. 

[0059] In alternative embodiments, the catalyst precursor, cocatalyst precursor and/or promoter 
precursor can be introduced to the stabilized transition alumina support more than once. In 
addition, any one or any combination of the deposition, drying and/or calcination steps can be 
executed more than once. For example, deposition of a catalyst precursor, a cocatalyst precursor 
and a promoter precursor on the stabilized transition alumina support can proceed by multistep 
impregnation, such as by two, three, or four deposition steps. Moreover, any deposition, drying or 
calcination step can be followed by any other, or the same, deposition, drying or calcination step. 
It will be further noted that any deposition step can be executed concurrently with any other or 
combination of deposition steps. Any sequence of deposition, drying, and/or calcination steps is 
also permissible according to the present method. 

A FISCHER-TROPSCH CATALYST 
[0060] In a further embodiment of the present invention, a Fischer-Tropsch catalyst comprises a 
stabilized transition alumina catalyst support; at least one catalytic metal; optionally, at least one 
cocatalytic metal; and optionally, at least one promoter element. A Fischer-Tropsch catalyst is 
defined herein as a catalyst effective for at least partially transforming a reactant gas mixture 
comprising synthesis gas to a product mixture comprising hydrocarbons under suitable conditions 
of temperature and pressure and in a suitable reactor. 
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[0061] The present Fischer-Tropsch catalyst comprises a stabilized transition alumina catalyst 
support. The support is substantially similar to the stabilized transition alumina catalyst support 
described hereinabove in connection with other aspects of this invention. 

[0062] The Fischer-Tropsch catalyst further comprises at least one catalytic metal, the function of 
which has been elucidated in connection with other aspects of this invention. Preferably, the metal 
is selected from cobalt, iron, ruthenium, and nickel; more preferably the metal is cobalt. The 
catalytic metal of the present Fischer-Tropsch catalyst is preferably present in an amount between 
5% and 50% by weight of said metal relative to the weight of the catalyst support; more preferably, 
present in an amount between 10% and 40% by weight of said metal relative to the weight of the 
catalyst support; and most preferably present in said catalyst in an amount between 15% and 35% 
by weight of said metal relative to the weight of the catalyst support. 

[0063] The Fischer-Tropsch catalyst further comprises at least one cocatalytic metal, wherein the 
function of which has been elucidated in connection with other aspects of the current invention. 
Preferably, the at least one cocatalytic metal is selected from Groups IIIA, IV A, VA, VIA, VIIA, 
VIIIA, IB and IIB. More preferably, the at least one cocatalytic metal comprises at least one metal 
selected from the group consisting of ruthenium, hafnium, cerium, copper, thorium, zirconium, 
rhenium and titanium. The cocatalytic metal is present in the catalyst in an amount preferably 
between 0.001% and 20% by weight of the metal relative to the weight of the catalyst support; 
more preferably between 0.005% and 10% by weight of the metal relative to the weight of the 
catalyst support; and most preferably between 0.01% and 5% by weight of cocatalytic metal 
relative to the weight of the catalyst support. 

[0064] The Fischer-Tropsch catalyst further comprises a promoter, wherein the function of which 
has been elucidated in connection with other aspects of the current invention. Preferably, the 
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promoter comprises at least one element of Groups IA, HA, IIIB, IVB, VB, VIB and VIIB; more 
preferably at least one of boron, palladium, platinum, silver, gold, nickel, copper, the alkali metals, 
the alkaline earth metals, the actinides and the lanthanides; and most preferably boron. The 
promoter is present in an amount preferably between 0.005% and 20% by weight of promoter 
relative to the weight of the support; more preferably between 0.01% and 10% by weight of 
promoter relative to the weight of the support; and most preferably between 0.02% and 5% by 
weight of promoter relative to the weight of the support. 

[0065] Another embodiment comprises the Fischer-Tropsch catalyst used as the catalyst in a 
Fischer-Tropsch process, wherein the process comprises contacting a reactant gas mixture 
comprising synthesis gas with a catalyst under conditions and in a reactor effective for at least 
partially transforming the synthesis gas to a product mixture comprising paraffmic hydrocarbons, 
and wherein the catalyst is particularly effective for producing a product mixture comprising waxy 
paraffmic hydrocarbons and producing water at high partial pressure. 

[0066] In such an embodiment comprising the Fischer-Tropsch catalyst used as the catalyst in a 
Fischer-Tropsch process, the Fischer-Tropsch catalyst comprises a stabilized transition alumina 
support and demonstrates an attrition resistance that is improved when compared to a similar 
catalyst used in a similar process, wherein the similar catalyst does not comprise a stabilized 
transition alumina as support. As used herein, attrition resistance will be defined as the resistance 
to a loss of catalytically active metal sites through various processes that may include, but are not 
limited to, sintering, deactivation, carbon deposition, crystallite dislodging, and poisoning. The 
Fischer-Tropsch catalyst of the present invention is designed to deliver superior catalyst 
performance under hydrothermal conditions for prolonged time periods by its resistance to loss of 
catalytically active metal sites through processes such as deactivation, dislodging of crystallites and 
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sintering. The Fischer-Tropsch catalyst further demonstrates a hydrothermal stability that is 
improved when compared to a similar catalyst used in a similar process, wherein the similar 
catalyst does not comprise a stabilized transition alumina as support. As used herein, hydrothermal 
stability is defined as a resistance to deformation of morphology or structure under steam at a 
temperature no less than 150° C and a water partial pressure no less than 2 bar. 
[0067] Typically, at least a portion of the metal(s) of the catalytic metal component of the 
catalysts of the present invention is present in a reduced state (i.e., in the metallic state). Therefore, 
it is advantageous to activate the catalyst prior to use by a reduction treatment in the presence of a 
reducing gas at an elevated temperature. The reducing gas preferably includes hydrogen or a 
hydrogen-rich gas. Typically, the catalyst is treated with hydrogen at a temperature in the range of 
from about 75° C to about 500° C, for about 0.5 to about 36 hours, and at a pressure of about 1 to 
about 75 atm. Pure hydrogen can be used in the reduction treatment, as may a mixture of hydrogen 
and an inert gas such as nitrogen, or a mixture of hydrogen and other gases as are known in the art, 
such as carbon monoxide and carbon dioxide. Reduction with pure hydrogen and reduction with a 
mixture of hydrogen and carbon monoxide are preferred. The amount of hydrogen may range 
from about 1% to about 100% by volume. 

PROCESS FOR PRODUCING HYDROCARBONS 
[0068] In another embodiment, the Fischer-Tropsch catalyst can be used for producing a product 
mixture comprising paraffmic hydrocarbons. The process comprises contacting a reactant gas 
mixture comprising synthesis gas with a catalyst under conditions and in a reactor effective for at 
least partially transforming the synthesis gas to a product mixture comprising paraffmic 
hydrocarbons wherein the catalyst comprises a stabilized transition alumina catalyst support; at 
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least one catalytic metal; optionally, at least one cocatalytic metal; and optionally, at least one 
promoter. 

[0069] The process comprises contacting a reactant gas mixture comprising synthesis gas with a 
catalyst. The reactant gas mixture of the present process for producing hydrocarbons comprises 
synthesis gas having hydrogen and carbon monoxide. Synthesis gas suitable as a feedstock for 
conversion to hydrocarbons according to the process of this invention can be obtained from any 
source known to those skilled in the art, including, for example, from conversion of natural gas or 
light hydrocarbons of five carbons atoms or less by steam reforming, dry (CO2) reforming, auto- 
thermal reforming, advanced gas heated reforming, partial oxidation, catalytic partial oxidation, or 
other processes known in the art; or from coal by gasification; or from biomass. In addition, the 
feed gases can comprise off-gas recycle from the present or another Fischer-Tropsch process. It is 
preferred that the molar ratio of hydrogen to carbon monoxide in the feed be greater than 0.5:1 
(e.g., from about 0.67 to about 2.5). Preferably, when cobalt, nickel, and/or ruthenium catalysts are 
used, the feed gas stream contains hydrogen and carbon monoxide in a molar ratio of about 1 .6: 1 to 
about 2.3:1. Preferably, when iron catalysts are used, the feed gas stream contains hydrogen and 
carbon monoxide in a molar ratio between about 1.4:1 and about 2.3:1. The feed gas can also 
contain carbon dioxide. The feed gas stream should contain only a low concentration of 
compounds or elements that have a deleterious effect on the catalyst, such as poisons. For 
example, the feed gas may need to be pretreated to ensure that it contains low concentrations of 
sulfur or nitrogen compounds such as hydrogen sulfide, hydrogen cyanide, ammonia and carbonyl 
sulfides. 

[0070] The process further comprises contacting a reactant gas mixture with a catalyst in a reactor 
effective for at least partially transforming the synthesis gas to a product mixture comprising 
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paraffinic hydrocarbons. Effective reactors include mechanical arrangements of conventional 
design such as, but not limited to, for example, continuous stirred tank, fixed bed, fluidized bed, 
slurry phase, slurry bubble column, reactive distillation column, or ebulliating bed reactors. 
Fluidized bed, reactive distillation, ebulliating bed, and continuous stirred tank reactors have been 
delineated in "Chemical Reaction Engineering," by Octave Levenspiel, and are known in the art, as 
are slurry bubble column reactors. A preferred slurry bubble column is described in co-pending 
commonly assigned U.S. Patent Application 10/193,357, hereby incorporated herein by reference. 
Accordingly, the preferred size and physical form of the catalyst particles may vary depending on 
the reactor in which they are to be used. 

[0071] When the effective reactor of the present process includes a slurry bubble column, the 
column preferably includes a three-phase slurry. Further, the present process, when conducted in a 
slurry bubble column, preferably includes dispersing the particles of the catalyst in a liquid phase 
comprising the hydrocarbons to form a two-phase slurry and dispersing the hydrogen and carbon 
monoxide in the two-phase slurry to form the three-phase slurry. Further, the slurry bubble column 
preferably includes a vertical reactor and dispersal preferably includes injection and distribution in 
the bottom half of the reactor. Alternatively, dispersal may occur in any suitable alternative 
manner, such as by injection and distribution in the top half of the reactor. 

[0072] The Fischer-Tropsch process is typically run in a continuous mode. In this mode, the gas 
hourly space velocity through the reaction zone typically can range from about 50 to about 10,000 
hf \ preferably from about 300 hf 1 to about 2,000 hr' 1 . The gas hourly space velocity is defined as 
the volume of reactants per time per reaction zone volume. The volume of reactant gases is at 
standard conditions of pressure (101 kPa) and temperature (0°C). The reaction zone volume is 
defined by the portion of the reaction vessel volume where the reaction takes place and which is 
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occupied by a gaseous phase comprising reactants, products and/or inerts; a liquid phase 
comprising liquid/wax products and/or other liquids; and a solid phase comprising catalyst. The 
reaction zone temperature is typically in the range from about 160°C to about 300°C. Preferably, 
the reaction zone is operated at conversion promoting conditions at temperatures from about 190°C 
to about 260°C; more preferably from about 205 °C to about 230 °C. The reaction zone pressure is 
typically in the range of about 80 psia (552 kPa) to about 1,000 psia (6,895 kPa), more preferably 
from 80 psia (552 kPa) to about 800 psia (5,515 kPa), and still more preferably, from about 140 
psia (965 kPa) to about 750 psia (5,170 kPa). Most preferably, the reaction zone pressure is from 
about 250 psia (1 ,720 kPa) to about 650 psia (4,480 kPa). 

[0073] The products resulting from the process will have a great range of molecular weights. 
Typically, the carbon number range of the product hydrocarbons will start at methane and continue 
to about 50 to 100 carbons or more per molecule as measured by current analytical techniques. 
The process is particularly useful for making hydrocarbons having five or more carbon atoms, 
especially when the above-referenced preferred space velocity, temperature and pressure ranges are 
employed. Preferably, the present process is effective for producing a product wherein the alpha 
value for the Anderson-Schultz-Flory plot is at least 0.85. In addition, the present process is 
effective for producing a product comprising primarily hydrocarbons of at least 5 carbon atoms. 
The present process is effective, within a fixed bed reactor operating at a temperature of at least 
200° C and a pressure of at least 340 psig (2,440 kPa), for converting at least 70% of the carbon 
monoxide present in the synthesis gas to a product comprising paraffinic hydrocarbons after at 
least 96 hours of operation. The present process is further effective, within a fixed bed reactor 
operating at a temperature of at least 200° C and a pressure of at least 340 psig (2,440 kPa), for 
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producing at least 700 grams of C 5+ product per hour per kilogram of catalyst after at least 96 hours 
of operation. 

[0074] Though not wishing to be bound by any particular theory, it is believed that the structural 
stabilizers are effective in their ability to impart enhanced hydrothermal stability and improved 
attrition resistance to the Fischer-Tropsch catalysts comprising the stabilized transition alumina 
supports of the present invention based on the ability of the structural stabilizer atoms to occupy 
the sites in the transition alumina crystal lattice that can normally be occupied by the aluminum 
atoms. In particular, though not wishing to be bound by any particular theory, it is believed that 
the atoms of the structural stabilizer can fill the vacant cation sites of the transition alumina crystal 
lattice, thereby stabilizing the transition alumina crystal lattice and rendering it resistant to phase 
transformation. 

[0075] To further illustrate various illustrative embodiments of the present invention, the 
following examples are provided. 

EXAMPLES 

[0076] Evaluation of the hydrothermal stability of the stabilized transition alumina of the present 
invention was carried out by steam testing using gamma alumina, a preferred transition alumina. 
Steaming experiments were designed for the purpose of identifying changes in structure and 
morphology of the stabilized transition alumina in the presence of high partial pressure steam. 
Steaming tests were carried out in an autoclave operated at varying conditions of water vapor 
partial pressure, temperature and time interval. Pore size analysis before and after steaming was 
used to classify the structural stabilizers according to their ability to impart high hydrothermal 
stability. The methods used to characterize the stabilized gamma alumina before and after steam 
testing include: the change in BET surface area (m 2 /g), the change in pore volume (total volume 
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occupied by pores/total volume of particle), the change in pore diameter (nm) and comparison of 
X-ray diffraction (XRD) data. 

EXAMPLE 1 : STABILIZED TRANSITION ALUMINA 
WHEREIN STEAMING FOLLOWS IMPREGNATION 

[0077] 5 g of gamma alumina from Condea Vista was impregnated with an aqueous solution of 
0.5 grams of cobalt nitrate hexahydrate [Co(N0 3 ) 2 -6H 2 0], (2% Co by weight), using the technique 
of incipient wetness impregnation. The stabilizer-impregnated alumina was dried at a temperature 
of 80° C for 16 hours, and further calcined at 300° C for 2 hours. The calcined stabilizer- 
impregnated alumina was charged to a Parr autoclave and treated at conditions sufficient to create 
an effective partial water vapor pressure of 20 bar, with 15 g of water heated at 220° C for 2 hours.. 
The resulting stabilizer-containing boehmite alumina was collected and calcined at a temperature 
of 750° C for 5 hours to produce a stabilized transition alumina. Physical analyses were carried out 
on the stabilized crystal lattice-modified alumina both before and after steam testing, wherein the 
samples were steam tested at a steam pressure of about 15 bar and a temperature of 225° C for 2 
hours time. The results are shown in Table 1. XRD results of this cobalt-modified alumina before 
and after steam treatment are shown in FIGURE 2. 

EXAMPLE 2: STABILIZED TRANSITION ALUMINA 
WHEREIN STEAMING FOLLOWS IMPREGNATION 

[0078] 5 g of gamma alumina from Condea Vista was impregnated with an aqueous solution of 
0.25 grams of zirconyl nitrate hydrate [(ZrO(N0 3 ) 2 -xH 2 0] , equivalent to 2% Zr by weight in the 
stabilized alumina, using the technique of incipient wetness impregnation. The stabilizer- 
impregnated y-A1 2 0 3 was dried at 80° C for 16 hours and further calcined at 300° C for 2 hours. 
The calcined stabilizer-impregnated y-Al 2 0 3 was charged to a Parr autoclave with 15g of water and 
heated at 220° C for 2 hours; conditions sufficient to create an effective partial water vapor 
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pressure of 20 bar. The resulting stabilizer-containing boehmite alumina was collected and 

calcined at a temperature of 750° C for 5 hours to afford a stabilized transition alumina. Physical 

analyses were carried out on the stabilized crystal lattice-modified alumina both before and after 

steam testing as described in EXAMPLE 1. The results are shown in Table 1. 

EXAMPLE 3: CATALYST MADE FROM 
STABILIZED TRANSITION ALUMINA 

[0079] lOg of Y-AI2O3 from Condea Vista and 7.5g water were charged to a Parr autoclave and 

heated at 220° C for 2 hours; conditions sufficient to create an effective partial water vapor 

pressure of 10 bar. The resulting boehmite alumina was collected and impregnated with an 

aqueous solution of 0.9876 grams of cobalt nitrate hexahydrate [Co(N0 3 ) 2 6H 2 0], equivalent to 

2% Co by weight in the stabilized alumina, using the technique of incipient wetness impregnation. 

The stabilizer-impregnated boehmite alumina was then dried at 80° C for 16 hours and further 

calcined at a temperature of 750° C for 5 hours to afford a stabilized transition alumina. The 

transition alumina was impregnated with a solution containing cobalt nitrate hexahydrate 

[Co(N0 3 ) 2 -6H 2 0], a ruthenium salt, and boric acid using the technique of incipient wetness 

impregnation. The stabilized transition alumina impregnated with the promoters was calcined at a 

temperature of 300° C for hours. The calcined transition alumina containing the promoters was 

subjected twice more to the sequence of impregnation and calcination to give a catalyst containing 

20% Co, 0.1% Ru and 0.5% B by weight. Physical analyses were carried out on the catalyst both 

before and after steam testing. Physical analyses were carried out on the stabilized transition 

alumina both before and after steam testing as described in EXAMPLE 1 . The results are shown in 

Table 1. 

EXAMPLE 4: STEAMING OF TRANSITION ALUMINA 
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[0080] 5 grams of Y-AI2O3 from Condea Vista and 15 grams water were charged to a Parr 
autoclave and heated at 220° C for 2 hours, with conditions sufficient to create an effective partial 
water vapor pressure of 20 bar. Physical analyses were carried out on the transition alumina both 
before and after steam testing as described in EXAMPLE 1. The results are shown in Table 1. 
[0081] Table 1 shows the changes in surface area, pore volume and pore diameter for the 
stabilized transition alumina of EXAMPLES 1 through 3 and the transition alumina before and 
after steam testing. XRD results of this as-received alumina before and after steam treatment are 
shown in FIGURE 1 . Two TEM images of the steam treated alumina are shown in FIGURE 3. 
[0082] It is evident that the catalyst made from a stabilized transition alumina made according to 
EXAMPLE 3 and the stabilized transition aluminas of EXAMPLES 1 and 2 show superior results 
with respect to the degree of change in the cited properties. In particular, the percentage change in 
BET surface area, pore volume and pore diameter are greatly reduced compared to the Condea 
control that has no structural stabilizers. The comparative XRD results in FIGURE 1 show that the 
unmodified gamma alumina was completely transformed to boehmite under a steam treatment with 
saturated steam at 220 °C for 2 hours. In FIGURE 2, the fresh cobalt-modified alumina show a 
XRD pattern of gamma alumina. The XRD pattern of cobalt-modified alumina after the same 
steam treatment as for unmodified alumina shows a boehmite pattern superimposed on gamma 
alimuna pattern. This indicates that only part of the cobalt-modified gamma alumina was 
transformed to boehmite. In FIGURE 3, TEM observation of the steam treated unmodified alumina 
shows the morphology of large platelet-like boehmite crystals, which was converted from gamma- 
alumina with a primary crystal size of about ~5 nm. 
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TABLE 1 



Comparative Analysis Data for Stabilized Transition Alumina Before and After Steaming 

BET Surface Area (m 2 /g) Pore Volume Pore Diameter (run) 



Ex.# 


Before 


After 


A(%) 


Before 


After 


A(%) 


Before 


After 


A(%) 


1 


72 


82 


14 


0.44 


0.43 


-2.3 


25 


21 


-16 


2 


97 


54 


-44 


0.45 


0.35 


-22 


4 


21 


50 


3 


128 


112 


-13 


0.43 


0.46 


7 


14 


16 


19 


4 


132 


39 


-70 


0.48 


0.12 


-75 









EXAMPLE 5: CROSS-SECTIONAL TRANSMISSION ELECTRON MICROSCOPY (XTEM) 
ANALYSIS OF SPENT FT CATALYST SUPPORTED ON GAMMA-ALUMINA 

[0083] The present invention is based on the discovery that under Fischer-Tropsch reactor 

conditions employing a cobalt-based catalyst supported on an unmodified gamma-alumina support, 

the unmodified gamma-alumina was transformed to boehmite. In particular, it has been found that 

subjecting a catalyst comprising 20% cobalt and 1.5% rhenium on a gamma alumina support to 

reaction conditions of 220 °C, 350 psig, a synthesis gas comprising hydrogen-to-CO molar ratio of 

2:1, and a weight hourly space velocity of 6 NL/hr/g catalyst, for about 300 hours was effective in 

partially or completely transforming the crystal lattice structure of the gamma-alumina to that of 

boehmite alumina. This transformation is illustrated in FIGURE 4. 

[0084] Acquisition of the data as shown in FIGURE 4 was possible only after nonstandard 
experiments utilizing cross-sectional transmission electron microscopy (XTEM), which is a useful 
tool for providing both chemical and structural information about component phases in the catalyst 
particles. The experiments were successfully carried out only after a great deal of parameter 
optimization. Previous attempts to characterize catalyst particles post-reaction have been 
heretofore hindered by the impossibility of obtaining clean samples of the catalyst particles since it 
is typically difficult to completely remove the waxy product from the highly porous catalyst 
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particles without further altering the morphology and/or chemical nature of the catalyst particles in 
some way. The successful XTEM experiments obviated the need for cleaning of the catalyst 
particles by carrying out the analysis with the waxy product in place, thereby preserving the 
condition of the catalyst particle and conveying useful information about the catalyst particle and 
the precise nature of the induced change in the face of reactor conditions. 

[0085] Illustration (a) of FIGURE 4 is a XTEM image of an area with gamma alumina support, 
shown as fine particles, that is partially transformed to boehmite, shown as large needle-like 
particles. It is shown that metallic cobalt particles agglomerate to have formed particles of -40 nm 
in size. Illustration (b) of FIGURE 4 is a TEM image of another area with a more severe extent of 
gamma-boehmite transformation. It is shown that boehmite exists as large platelet-like particles, 
and metallic cobalt particles agglomerate to form a particle of 100 nm in size. It is clear that the 
transformation of gamma-alumina to boehmite was accompanied by a significant reduction in the 
surface area of the support material and an alteration of the morphology of the particle, with the 
physical strength of the catalyst support being severely deteriorated. This transformation resulted 
in the agglomeration of distinct catalytic metal sites on the surface of the catalyst support. 
Collectively, these factors probably combined to reduce the efficacy of the active metal or metals 
in catalyzing the Fischer-Tropsch process. Moreover, the compromised physical strength of the 
catalyst support lead to its disintegration and the formation of catalyst subparticles into the product 
stream. 

[0086] Structural analysis revealed that the so-formed boehmite phase was a crystalline phase 
comprising platelet- like primary particles having dimensions of at least 10 nm. It was observed 
that unmodified gamma-alumina employed in an operating Fischer-Tropsch reactor collapsed 
resulting in loss of surface area, an effective reduction in the number of catalytic sites, and a 



112091.01/1856-20401 



34 



disintegration of catalyst particles, which are all factors contributing to the reduced attractiveness 
of this support in Fischer-Tropsch reactions. Hence, it is believed that the tendency of transition 
(and particularly gamma-alumina) to change phases under hydrothermal conditions makes 
unmodified or unstabilized transition alumina an inferior choice for use as a catalyst support for 
reactions that involve high water vapor partial pressures and high temperatures, such as Fischer- 
Tropsch reactions. 

EXAMPLE 6: FIXED BED REACTIVITY TESTING 
[0087] A 1-g sample of the catalyst from Example 3 was packed into a fixed bed tube test reactor 
and reduced for 16 hours under a flow of 200 standard cubic centimeters per minute (seem) of a 
gas comprising equimolar amounts of hydrogen and nitrogen. The reactor is heated to 220° C and 
pressurized to 345 psig and a flow of synthesis gas (2:1 H 2 :CO) at a space velocity of 6 L/h/g was 
introduced to the reactor for 24 hours. The paraffinic hydrocarbon products were collected and the 
degree of CO conversion, the alpha value, the C 5 + productivity, and the d selectivity, were 
measured and calculated. The results are shown as in Table 2. The test was carried out up to 96 
hours and the results are shown in Table 2. 





Reactivity Testing Usine 20% Co/0. 1% Ru/0.5% B on Stabilized 
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[0088] The following patent applications filed concurrently herewith are hereby incorporated 

herein by reference: U.S. Patent Application No. , Attorney Docket No. 1856-24501, 

entitled "High Hydrothermal Stability Catalyst Support"; U.S. Patent Application No. 
s Attorney Docket No. 1856-27301, entitled "Fischer-Tropsch Processes and 
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Catalysts Made From a Material Comprising Boehmite"; and U.S. Patent Application No. 

, Attorney Docket No. 1856-34101, entitled "Fischer-Tropsch Processes and Catalysts 

Using Stabilized Supports 1 '. 

[0089] Should the disclosure of any of the patents, patent applications, and publications that are 
incorporated herein conflict with the present specification to the extent that it might render a term 
unclear, the present specification shall take precedence. 

[0090] As used herein, the term "about" or "approximately," when preceding a numerical value, 
has its usual meaning and also includes the range of normal measurement variations that is 
customary with laboratory instruments that are commonly used in this field of endeavor (e.g., 
weight, temperature or pressure measuring devices), preferably within ±10% of the stated 
numerical value. 

[0091] Although the foregoing description and examples illustrate selected embodiments of the 
present invention, it will be noted that variations and modifications will be suggested to one skilled 
in the art, all of which are in the spirit and purview of this invention. Moreover, no inference or 
conclusion should be drawn that limits the scope of this invention. For example, it will be noted 
that when used for making a catalyst support the present stabilized transition aluminas need not be 
limited to supports for catalysts used in Fischer-Tropsch reactions. The present method is not 
limited to an alumina obtained from any particular vendor. One of normal skill in the art will 
further appreciate that the present group of structural stabilizers can be expanded to comprise any 
group of structural stabilizers that will improve hydrothermal stability of transition aluminas. It 
will be further appreciated that any suitable method can be used to introduce the structural 
stabilizer onto or into the alumina support. The pressures and temperatures employed for drying, 
steaming and calcining in the present method are preferred but it will be appreciated that other 
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suitable sets of conditions may serve equally well. Furthermore, the description or recitation of 
steps is not to be construed as a requirement that those steps be carried out in the order described or 
recited. It will be noted that the method disclosed herein can be used to make a catalyst for which 
the final use is not necessarily a Fischer-Tropsch process. Indeed, the inventive process may be 
used to make catalysts for any given process within or outside of the petrochemical industry 
including, but not limited to, automotive catalysis, hydrogenation, ammonia synthesis, 
acetoxylation, alkylation, ammonolysis, ammoxidation, carbonylation, alcohol dehydration, 
dehydrochlorination, dehydrogenation, epoxidation, hydration, hydrochlorination, oxidation, 
oxychlorination, catalytic reforming, hydroprocessing, hydrotreating, hydrocracking, 
isomerization, oligomerization, fluid catalytic cracking, steam reforming, water gas shift, naphtha 
steam reforming and methanol synthesis. For example, it will be noted that when used for making 
a catalyst support the present stabilized transition aluminas need not be limited to supports for 
catalysts used in Fischer-Tropsch reactions. The pressures and temperatures of the Fischer- 
Tropsch reactions carried out here are purely illustrative and it will be understood that any 
combination of conditions sufficient for converting synthesis gas to hydrocarbons may be 
employed. 
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